M easles is a viral infection characterized by a generalized maculopapular rash with fever. Complications may include diarrhea, otitis media, pneumonia, encephalitis, and death. Measles virus is transmitted both by airborne and respiratory droplets. The virus is highly contagious, with up to 90% of susceptible exposed persons becoming infected. The infectious period begins as early as 4 days prior to rash onset and continues through 4 days after rash onset, further contributing to opportunities for transmission. 1 Because of the airborne transmission and the highly contagious nature of measles virus, even a single case of measles can lead to a large number of exposures and secondary cases. Postexposure prophylaxis with measles-mumps-rubella (MMR) vaccine or immune globulin may prevent infection or limit the severity of infection if people become ill. However, the window of opportunity is narrow, with recommended administration of the vaccine within 3 days of exposure and of immune globulin within 6 days of exposure. 1 Measles exposures require extensive and rapid control measures by public health agencies and medical facilities.
Measles was declared eliminated in the United States in 2000 owing to a prolonged absence of local transmission following a 2-dose MMR vaccine recommendation and sustained, high vaccine coverage nationally. 2, 3 However, measles remains endemic in many parts of the world, and persons with measles acquired abroad can transmit measles to susceptible persons in the United States, which can lead to outbreaks. Most of the import-associated cases acquired in the United States are among unvaccinated persons. 4 On March 13, 2013 , an unvaccinated adolescent returned to New York City, New York, while infectious with measles after visiting London, United Kingdom. This importation led to what had been the largest outbreak of measles in New York City since 1992, before measles was eliminated in the United States. The present evaluation summarizes the outbreak and the associated costs incurred by the New York City Department of Health and Mental Hygiene (DOHMH) in the response and containment of the measles outbreak.
Methods

Case Investigation
The New York City DOHMH Bureau of Immunization received reports from March 22, 2013 
Laboratory Testing
Testing for measles IgM and IgG was performed at commercial laboratories and the New York City DOHMH Public Health Laboratory between March 22, 2013, and July 5, 2013. At the Public Health Laboratory, serum specimens were tested for measles-specific IgM antibodies using an enzyme-linked immunosorbent assay (reference 426060; Wampole). Measlesspecific IgG was tested using an enzyme-linked immunosorbent assay (reference 4259000CE; Wampole). Reverse-transcription polymerase chain reaction (RT-PCR) assays for the detection of measles virus RNA were performed by the Public Health Laboratory. The RNA was extracted from nasopharyngeal swab specimens by using the Biomérieux automated extraction system. 10 Measles virus RNA was detected using a real-time RT-PCR assay targeting the measles nucleoprotein gene, as previously described.
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Measles genotyping was performed at the Centers for Disease Control and Prevention for specimens in which measles virus was detected by RT-PCR using a sequencing approach defined previously.
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Contact Investigation
Persons exposed to measles (contacts) were identified through case patient interviews and follow-up with settings of exposures between March 22, 2013, and July 9, 2013. Contacts were notified by DOHMH about their exposure and educated about symptoms of measles. Presumptive evidence of immunity to measles was assessed through review of the year of birth (before 1957), immunization records documenting measles-containing vaccine, or positive measles IgG titers. 1 Contacts without presumptive evidence of immunity were instructed to remain home during their incubation periods while they were at risk of becoming contagious. Postexposure prophylaxis with MMR vaccine within 3 days of initial exposure or immune globulin within 6 days of initial exposure were administered to eligible, nonimmune contacts as indicated. 
Cost Evaluation
Total direct costs were calculated as the sum of inputs (equipment, logistics, and supplies and materials) and personnel time (salary and fringe benefits). Inputs included immunoglobulin and MMR vaccine, courier service, travel, postage, advertising, and laboratory supplies and testing. Personnel time spent on outbreak-related activities was self-reported via a web-based survey disseminated through SurveyMonkey to all 87 staff members involved in the measles outbreak response. The survey took approximately 10 minutes to complete and was sent to staff on November 7, 2013, with reminders through January 29, 2014. Outbreakrelated activities were grouped into 4 categories: case patient and contact investigation, administration, laboratory, and community outreach ( Table 1 ). The cost of personnel time was calculated as the hourly wage multiplied by the routine business (compensated) hours worked plus paid overtime and the tabulated fringe benefits. The incremental cost was calculated as total direct costs minus salary and fringe benefits paid to DOHMH staff during routine business hours. In-kind costs (uncompensated hours worked by DOHMH-funded staff and salaries of DOHMH staff who are funded by outside agencies), overhead, and costs to outside medical facilities and patients were not included.
Analyses
Descriptive analyses and calculations were performed from August 15, 2013, to August 5, 2014, using SAS, version 9.2 (SAS Institute Inc) and Microsoft Excel.
Results
Case Patient Investigation
From March 13, 2013, through June 9, 2013, a total of 58 case patients with measles were detected in 2 neighborhoods of Brooklyn, New York, with 6 generations of transmission ( Figure) . The index case patient presented to a health care professional with symptoms of measles after returning from a trip to London. 
Vaccination Status and Age
The median age of the case patients was 3 years (range, 0-32 years). None of the case patients had documentation of receipt of measles-containing vaccine prior to their presumed exposure to measles virus. Of the 58 case patients, 45 (78%) were at least 12 months old and were unvaccinated owing to parental refusal or intentional delay. Twelve case patients (21%) were less than 12 months old and therefore were too young for routine immunization with measles-containing vaccine. One case patient (1%) was an adult who verbally reported a history of receiving measles-containing vaccine as a child; although no vaccination documentation was available, a high IgG avidity test result obtained at the CDC was consistent with a prior history of vaccination.
Complications
Complications included 1 case of pneumonia and 1 miscarriage. One unvaccinated pregnant woman had rash onset at 37 weeks' gestation with a live birth at 38 weeks' gestation. The parents declined immunoglobulin for the newborn. Despite isolation of measles virus from urine and a nasopharyngeal culture on days 1 and 9 of life, indicative of intrauterine exposure, the neonate was asymptomatic per health care professional reports on days 0, 1, and 9 of life and remained asymptomatic per parental report. Corresponding measles virus IgM and IgG were both undetectable on day 1 of life but detectable on day 9 of life. Given the lack of clinical symptoms, this neonate did not meet the CSTE case definition for having measles 9 ; however, the 
Reporting
Only 28 case patients (48%) visited a medical health care professional who suspected measles and reported the case to the DOHMH at the time of initial clinical suspicion. Another 4 case patients (7%) visited a health care professional at the time of rash illness, but measles was not suspected; 5 case patients (9%) saw a health care professional at the time of their rash, but the cases were not reported to the DOHMH at the initial clinical suspicion. The remaining 21 case patients (36%) did not seek medical care for their rash illness; those case patients were often identified retrospectively through contact tracing of secondary case patients.
Contact Investigations and Control Measures
Many case patients were not placed immediately into airborne isolation owing to delays in clinical suspicion of measles or lack of negative pressure rooms in outpatient practices, or because the case patient presented for care while infectious but prior to rash onset, resulting in exposures in 11 health care facilities. Additional known exposures occurred in schools, an airline flight, residential buildings, households of case patients, and at a wedding. A total of 3351 exposed contacts were identified, excluding the 58 case patients who developed measles. Among those contacts, 2214 (66%) had evidence of immunity to measles based on receipt of 2 documented doses of measles-containing vaccine, having a positive measles IgG titer, or birth before 1957; 376 contacts (11%) had received 1 dose of measles-containing vaccine; 335 contacts (10%) were susceptible; and immunity status was unknown for 426 contacts (13%). The MMR vaccine was administered within 3 days of initial exposure to 114 contacts who were 6 months or older, and immunoglobulin was administered within 6 days of initial exposure to 77 infants younger than 6 months or to infants aged 6 to 11 months who had not received MMR prophylaxis. Immunoglobulin was not administered to immunocompromised or pregnant persons.
Notifications were sent to health care professionals reminding them to have heightened suspicion for measles, place patients with fever and generalized rash in airborne isolation immediately, perform appropriate diagnostic testing, and report to DOHMH at the time of initial clinical suspicion. Notifications were sent to schools and daycare health care professionals as well as to more than 10 000 families through a community organization. The DOHMH facilitated rapid distribution of MMR vaccine to health care professionals and sent notifications to parents of children who were due for measles vaccine, recalling them to their physicians' offices. Advertisements were placed in local newspapers and on an established telephone hotline used by the affected community. Educational materials were distributed to attendees at a local health fair that focused on the importance of MMR vaccination and of calling health care professionals promptly if they or their 
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The 58 case patients included 1 asymptomatic infant born with measles infection. The date of birth was used as a proxy for onset date in this infant because there was no rash.
children developed symptoms of measles. Audits of immunization compliance were conducted in schools. The DOHMH also held community briefings with school administrators, pediatricians, religious leaders, and elected officials to reinforce the importance of maintaining high immunization coverage in the community. During the outbreak period, DOHMH recommended that obstetricians test pregnant women in the affected community for measles immunity and vaccinate susceptible women after delivery. To protect infants during the outbreak, DOHMH expanded vaccination recommendations to include an early dose of MMR vaccine for all children aged 6 to 11 months in the affected communities. Health care professionals were instructed to not consider these doses valid and to repeat the dose at age 12 months, in accordance with Advisory Committee on Immunization Practices recommendations during outbreaks of measles, because the proportion of infants with protective antibody levels following vaccination increases by 12 months of age (eg, 85% at age 9 months vs 95% at age 12 months). 1, 15 The DOHMH also recommended that the second dose of MMR vaccine be administered early, as soon as 4 weeks after the first dose of MMR vaccine. 1 
Cost Evaluation
Eighty-seven staff members from 12 bureaus of the DOHMH participated in the outbreak. Responses to the self-reported survey were obtained from all staff (100%). Of the 87 staff members, 41 persons (47%) were from outside the Bureau of Immunization, 75 (86%) were funded by the DOHMH, 59 (68%) performed duties associated with their routine job description, and 16 (18%) performed activities across more than 1 category. The breakdown of hours worked by category was 5862 hours (58%) on investigations, 445 hours (4%) on administrative activities, 2766 hours (28%) on laboratory work, and 981 hours (10%) on community outreach.
In total, 10 054 hours were spent responding to and controlling the outbreak, most of which (8668 hours [86%]) were worked during business hours by DOHMH-paid staff ( Table 2) . There were 1062 hours (11% of all staff hours) worked by DOHMH-paid staff outside of standard business hours (346 uncompensated hours) or by DOHMH-based staff paid by other agencies (716 hours). The remaining 324 hours (3%) were paid as overtime.
Total direct costs were $394 448 ($62 102 for inputs and $332 346 on compensated personnel time) ( Table 3 ). The incremental cost was $73 135, or 19% of the total direct costs. Salaries and fringe benefits combined accounted for $321 313 (97% of personnel costs). Overtime pay totaled $11 033 (3% of personnel costs). The majority (99%) of the cost of inputs was attributed to advertising ($29 425), MMR vaccine ($17 590), laboratory supplies and testing ($9316), and courier service ($4886).
Discussion
This outbreak was fueled by the introduction of measles virus into a small number of families who had previously declined vaccination. The outbreak was prolonged, in part, owing to the spread of measles to infants too young to have been vaccinated and to the delay of vaccination among children. Geographic clustering of persons who refuse or decline vaccination, as observed in this and other outbreaks, has led to outbreaks following importations of a single case of measles. [16] [17] [18] [19] [20] The insular nature of the affected community and high population-level vaccination coverage in New York City prevented a much larger outbreak, with at least 1-dose MMR coverage of 96.8% (SD, 2.5%) among children aged 19 to 35 months in New York City, as estimated by the 2013 National Immunization Survey.
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Because measles is relatively uncommon in the United States in the postvaccination era, not all health care professionals are familiar with the disease. Prompt recognition of measles is critical, and rapidly isolating suspected case patients in health care facilities may avoid a large number of exposures. Exposures during this and other outbreaks have included settings such as health care facilities, schools, airline flights, and places of residence. 17, 20 More complete and timely clinician reporting of suspected cases to the New York City DOHMH would have enabled more rapid investigation and implementation of control measures. The response and containment of the 2013 measles outbreak were resource intensive. The outbreak required assistance from a large number of staff, of whom almost one-third performed duties outside of their routine job descriptions, and almost half worked for a DOHMH bureau other than the Bureau of Immunization, where measles investigations are routinely performed. This required assistance resulted in the redirection of resources away from other public health activities. Personnel costs for this and other outbreaks comprised the majority of expenditures. 18, 19, 22 This outbreak is one of the largest US-based outbreaks with a cost analysis published in the postelimination era. Costs to local and state public health institutions for measles outbreaks in the United States in 2011 were estimated on the basis of documented costs incurred during 4 prior The cost during the 2013 New York City outbreak was within the range of cost estimates for other large outbreaks. This outbreak also highlighted the potential consequences of measles infection during pregnancy, with 1 instance of miscarriage and 1 instance of congenital measles. The case patient with congenital measles in this outbreak also emphasized that despite being asymptomatic after birth, newborns with congenital measles can be infectious, potentially requiring prolonged isolation, as evidenced by cultures positive for measles virus. Other reports have also documented case patients with congenital measles that were asymptomatic. For those reports, it is possible that administration of immunoglobulin may have reduced the severity of disease, whereas the present report is the only published one in which immunoglobulin was not administered to an asymptomatic congenital case patient.
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Limitations
This evaluation has some limitations. The time staff members spent working on outbreak-related tasks was subject to recall bias owing to a lag between the end of the outbreak and survey dissemination as well as to reliance on self-report of hours worked, which may have resulted in an underestimate or an overestimate of public health costs. In addition, the cost figures do not account for in-kind costs or costs to medical facilities, outside agencies, patients, and society and thus underestimate the total cost of the measles outbreak.
Conclusions
Given ongoing outbreaks globally, the United States remains at continued risk for importations of measles resulting in outbreaks. Information from the present evaluation provided the New York City DOHMH with conservative estimates of cost and personnel time for use in future outbreak response planning. The significant burden and consequences of measles outbreaks as well as other public health emergencies underscore the importance of continued support for a robust and flexible public health infrastructure for health departments.
